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Anti-inflammatory activity of superoxide dismutase mimics functionalized with cellpenetrating peptides
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A superoxide dismutases mimic (Mn1) was functionalized with three positively charged-peptides: RRRRRRRRR (Mn1-R9), RRWWWRRWRR (Mn1-RW9) or Fxr-Fx-K (Mn1-MPP). Characterization of the physico-chemical properties of the complexes show that they share similar binding affinity for Mn 2+ , apparent reduction potential and intrinsic superoxide dismutase activity. However, their accumulation in cells is different (Mn1-R9 < Mn1-MPP < Mn1-RW9 < Mn1), as well as their subcellular distribution. In addition, the three functionalized-complexes display a better anti-inflammatory activity than Mn1 when assayed at 10 µM. This improvement is due to a combination of an anti-inflammatory effect of the peptidyl moiety itself, and of the SOD mimic for Mn1-RW9 and Mn1-MPP. In contrast, the enhanced anti-inflammatory activity of Mn1-R9 is solely due to the SOD mimic.

Introduction

Superoxide dismutases (SODs) are very efficient enzymes, carved by evolution for high efficiency in the catalytic dismutation of superoxide (O 2

•-

). 1 These metallo-enzymes, bearing Cu, Fe, Mn or Ni at their active site, are key redox enzymes for maintaining the redox homeostasis in cells and avoiding oxidative stress, defined as an imbalance between the production of reactive oxygen species (ROS) and antioxidant defenses. Common characteristics shared by SODs of different lineages point to important physicochemical parameters that tune their efficiency, such as the redox potential and the presence of electrostatic channels for O 2

•attraction.

1, 2

In mammals, the mitochondrial MnSOD plays a crucial role in protecting mitochondria from oxidative stress. Its importance was demonstrated in vivo as its knockout is lethal to newborn mice.

3, 4

One of the first metal complexes described for its SOD activity, i.e. its ability to catalyze the superoxide dismutation, was reported by R. F. Pasternack and B. Halliwell in 1979. This Fe III -porphyrin displays a catalytic rate constant at pH 10.1 of 3 x 10 7 M -1

.s -1

. 5 Soon after, the potential therapeutic applications of SOD mimics were perceived, 6, 7 in which these catalytic antioxidants could nullify the excess of ROS in a situation of oxidative stress and reestablish redox homeostasis. Indeed, oxidative damages are observed in many different disorders, including chronic inflammation, cancers, or neurodegenerative diseases. 8, 9 The pitfalls of using a purified enzyme as a therapeutic treatment -cost of production, immunogenicity, and lack of cell penetrationmay be overcome by using SOD mimics. Interest has shifted toward manganese complexes because, despite possible neurotoxicity of the free manganese ions, 10 they do not efficiently catalyze Fenton reaction known to produce the deleterious hydroxyl radical, 11 as opposed to iron or copper ions. Manganese ions are thus more suitable metal ions for in vivo applications.

2, 6

The criteria necessary for an efficient SOD mimic are as follows: (i) the SOD mimic needs to catalyze the superoxide dismutation, thus, the catalytic rate for this reaction must be greater than the catalytic rate for the spontaneous superoxide dismutation (5 x 10 5 M -1

.s -1 at pH 7).

1, 2 This reactivity outside any cellular context can be defined as an intrinsic activity; 2 (ii) the ligand must have a high affinity for both oxidation states of the metal ion. 2, 6 Note that Mn(II), as a d 5 ion with no ligand-field stabilization energy has a low association constant in the divalent metal ion transition series for most ligands. In biological systems, the endogenous ligands competing for Mn(II) binding also have low association constants, rendering the criteria on the association paradoxically less drastic for Mn(II) than for other metal cations; 2, 12 (iii) the SOD mimics must be suitable for in vivo applications, and thus be non toxic, cell penetrating, and as inert as possible in biological media; 2 (iv) their activity toward ROS must be characterized in a cellular context before going to in vivo experiments to anticipate possible differences in biological activity. Their cellular distribution is key and should be investigated, bearing in mind the particular importance of the mitochondria protection. [START_REF] Policar | Redox Active Therapeutics[END_REF] Indeed, biological systems are compartmented and superoxide being negatively charged cannot cross membranes. 9, 13, 14 Therefore, the antisuperoxide activity of a SOD mimic is closely related to its subcellular distribution.

The parameters for the design of SOD mimics with an efficient intrinsic SOD activity are now well understood. The importance of a finely tuned redox potential has been evidenced in several series of SOD mimics. 20 We have functionalized one complex in this series, Mn1 (see Figure 1), 21 with polyarginine peptides and described the effect of positive charges on the catalytic rate constant.

22 Following on, the manganese (II) SOD mimics Mn1 (Figure 1) was studied in cells and in vivo.

12, 23 Its ability to limit ROS flow in cells was demonstrated in activated macrophages.

23

In addition, its study in a cellular model of inflammatory diseases demonstrated the ability of the complex to limit oxidative stress and inflammatory reaction in a cellular model of inflammatory bowel diseases at a concentration of incubation of 100 µM. 12 At this concentration, Mn1

showed an homogenous subcellular distribution. Two cell-penetrating peptides (CPPs) described in the literature were selected for coupling with Mn1: the polyarginine sequence R9 directly inspired from Tat, 24-26 and RW9 (RRWWWRRWRR), which is based on penetratin. [27][28][29] These hydrophobic and positively charged peptides (+9 for R9, and +6 for RW9) could help to target the complex into mitochondria, as the negative membrane potential of this organelle is known to favor the accumulation of positively charged lipophilic molecules.

30-32

The third peptide selected was a mitochondria-penetrating peptide (MPP) designed by Kelley et al. to accumulate in mitochondria. [33][34][35] Its sequence contains four amino acids F x -r-F x -K, with (L)-cyclohexyl (F x ), (D)-arginine (r), and (L)lysine (K) residues (Figure 1). 

Results and discussion

Design and Synthesis

The parent ligand enPI 2 (Figure 1) was functionalized with three different peptidyl sequences. The peptides were obtained using standard solid phase synthesis, and conjugated to enPI 2 before cleavage from the resin and purification by preparative reversed-phase HPLC (Figure 1). As previously described, 12, 22 the complexation was performed in situ by mixing the ligand and metal ion in a one to one ratio in HEPES buffer (0.1 M, pH 7.4) (see figure S1 for UV-visible titration).

12

Physico-chemical properties

Association constant

The thermodynamic parameters of the Mn 2+ -complexes were determined by isothermal titration calorimetry (ITC), and are given in Table 1 ) can be assigned to an electrostatic effect, with the positive charges on peptidyl sequences making the interaction with Mn 2+ less favorable. This effect is compensated by a favorable entropic component (174, 167, 176 J.mol ), leading to similar free energies of binding for the ligands. Hence, functionalization of enPI 2 with short peptidyl sequences does not impair the binding affinity for Mn 2+ .
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Electrochemistry

The electrochemical properties of Mn1 and Mn1-R9 have been previously reported and are reproduced in Table 2. 22 Mn1-MPP was analyzed by cyclic voltammetry (CV) under the same conditions at a glassy carbon electrode in HEPES buffer (100 mM, pH 7.5). No CV was recorded for Mn1-RW9. Unlike the CV of Mn1, the CVs of Mn1-R9 and Mn1-MPP are irreversible, as was previously observed for polyarginines conjugates (Figure S2). 22 However, the redox potential of the Mn 3+ /Mn 2+ couple was increased upon functionalization at the amine, but remains at a value that facilitates O 2 •-dismutation.

Intrinsic SOD activity

The intrinsic SOD activity was determined using the McCord-Fridovich assay, which compares the rates of reaction of a SOD mimic with a UV-visible probe specific for superoxide, ferricytochrome c in this study. The IC 50 of Mn1-R9, Mn1-RW9, and Mn1-MPP are slightly lower than IC 50 for Mn1, which suggests a better SOD activity. However, in HEPES buffer, the stopped-flow analysis of Mn1-R9 gives a k sf of 5 x 10 6 M -1

.s -1 as for Mn1, 22 which rather suggests that the SOD mimics have similar SOD activities. For Mn1-RW9 and Mn1-MPP, the k sf determined in MOPS buffer are significantly higher (17.2 ± 0. .s -1 respectively) than for Mn1-R9 and Mn1. This is most likely due to the nature of the buffer since the measures for Mn1-RW9 and Mn1-MPP have been conducted in MOPS buffer, which is a less coordinating buffer in comparison with HEPES, thus less prone to competing with the ligand for Mn complexation.

Studies in HT29-MD2 cells

Toxicity

The toxicity of Mn1-R9, Mn1-RW9, Mn1-MPP, and their redox inactive analogs (Zn II complexes) was checked by measuring the percentage of LDH released in the supernatant after incubation of these complexes. A compound leading to a %LDH released above 10% would be considered as toxic, which was not the case for the conditions of incubation used in this study (Figure S3).

Quantification

The accumulation of Mn1-R9, Mn1-RW9, and Mn1-MPP in HT29-MD2 cells was determined by measuring the total Mn content in cell lysates by EPR titration. 12 HT29-MD2 cells were incubated with the complexes for 6 hours, washed, lysed, and cell lysates were acidified in order to free all Mn 2+ from its binding sites and to favor Mn II redox state. 12 As shown in ). The Mn content for cells incubated with Mn1-RW9 is of 0.99 nmol.mg -1 of proteins. For cells incubated with Mn1-R9 and Mn1-MPP the Mn content was twice lower than Mn1, and was respectively 0.56 nmol.mg -1 and 0.68 nmol.mg -1 of proteins.

Hence, the functionalization with the peptides has limited the accumulation of the complexes in cells. Using these values and the Kds, an estimation of the percentage of intact complexes in cells could be derived, and determined to be higher to 87% (from 87% to 99%, see Table S1). S1.

Distribution

The subcellular elemental distribution of Mn in cells incubated with Mn1, Mn1-R9, and Mn1-MPP was studied by Xfluorescence microscopy. HT29-MD2 cells were grown on silicon nitride windows and incubated with the complexes at a concentration of 10 µM for 6 hours before cryofixation followed by freeze-drying. To ensure a good signal to noise ratio, long acquisition times (8 s.pixel -1

) were used. The Mn distributions of HT29-MD2 cells incubated with the complexes (10 µM) are shown in Figure 3a. Other elemental maps (K, P, Zn) are shown in Figure S6. The weak accumulation of the complexes in cells does not lead to enough changes to see a difference in Mn distribution between a basal Mn content (control cell) and the cell incubated with SOD mimics (Figures 3a). As the signal intensity is dependent not only on the amount of Mn but also on the cell thickness, we developed a method for normalizing the signal by the cell thickness (Figure 3b). In order to take into account the cell thickness, the signal intensity of the Mn maps was normalized using the elemental distribution of K as a reference. Indeed, in the case of cryofixed and freeze-dried cells, this element is homogeneously distributed in cells. 41 A variation of the signal intensity of K thus reflects a variation in the cell thickness, the signal being stronger where the cell is thicker. K map multiplied by a scale factor was subtracted from the Mn map (see details in ESI). This indicates areas where the Mn distribution is similar than that of K (grey area), or differs from K (red and blue areas) (Figure 3b). In particular, areas in red correspond to areas of Mn accumulation, whereas blue areas are indicative of areas where Mn is less concentrated. For a control cell incubated with the medium only, the subtraction map displayed a random distribution of spots with a higher (red) or lower (blue) Mn content in comparison to K (Figure 3b). In cells incubated with Mn1-R9, the distribution is similar to the control cell, which is in agreement with the overall low accumulation of Mn in cells for this complex (Figure 2). In contrast, the subtraction map for cells incubated with Mn1 showed large areas where the Mn distribution was different from that of K. This suggests that Mn1 acccumulates in specific subcellular part of the cells. This observation also contrasts with the Mn distribution for cells incubated with Mn1 at 100 µM that was shown to be similar to that of K.

12 Similarly, incubation with Mn1-MPP greatly changed the distribution pattern, with large areas where Mn was accumulated (red) or was less concentrated relative to K (blue). The Mn distribution is a non-homogeneous, and an accumulation of Mn at the periphery of the cell is observed.

Antioxidant and anti-inflammatory activities in LPS-activated HT29-MD2 cells

Cellular model

The complexes were assayed on a cellular model of inflammatory bowel diseases. 12, 42, 43 Intestinal epithelial cells HT29 were stably transfected to overexpress the protein MD2. 42, 43 The HT29-MD2 cells have an increased sensitivity to LPS, which induces an inflammatory reaction in cells associated with an oxidative stress.

14, 44-46

The antioxidant activity of the complexes was studied by looking at the expression of the mitochondrial SOD, which is overexpressed when cells are stressed with LPS. 12, 47-57 In this set of experiments the redox inactive zinc complexes (Zn1-R9, Zn1-RW9, and Zn1-MPP) were also assayed as redox inactive controls.

12

Antioxidant activity

The expression of MnSOD in cell lysates was determined by western-blot (see figure S5). The results in Figure 4 show the ratio MnSOD/actine for each condition, expressed as a percentage of the ratio MnSOD/actine for LPS-activated cells. Activation of HT29-MD2 cells with LPS leads to an approximately two-fold increase in MnSOD expression in comparison to control. Pre-incubation of LPS-activated cells with Mn1 at a concentration of 100 µM decreased MnSOD overexpression to 53% of LPS. 12 At 10 µM the effect of Mn1 was reduced, with only a small decrease in MnSOD overexpression (89%). Mn1-R9, Mn1-RW9, and Mn1-MPP at 10 µM also decreased the MnSOD overexpression to 78%, 87%, and 90% of LPS, respectively. These SOD mimics are thus able to complement MnSOD, as was previously shown for Mn1 at 100 µM. 12 In the same conditions, the zinc complexes showed no effect on the level of expression of MnSOD in LPSactivated cells. This further indicates that the effects observed should be due to the redox properties of the complexes. 

Anti-inflammatory activity

The anti-inflammatory activity of Mn1-R9, Mn1-RW9, and Mn1-MPP in LPS-activated cells was studied using the production of a pro-inflammatory cytokine, the interleukine 8 (IL8), which is excreted in the supernatant. IL8 production was quantified using a commercially available ELISA kit. Cells activated with LPS showed an increase in IL8 secretion in comparison to control (Figure 5). Cells pre-incubated with Mn1 at 100 µM showed a reduced IL8 production (47% of LPS), which demonstrates the anti-inflammatory activity of the complex, as previously described (Figure 5). 12 At 10 µM, the anti-inflammatory activity of Mn1 is too low to be observed. In contrast, the three derivatives Mn1-R9, Mn1-RW9 and Mn1-MPP assayed at 10 µM significantly reduce the IL8 production to 62, 70 and 69% of LPS, respectively. The effect of the corresponding zinc complexes, Zn1-R9, Zn1-RW9 and Zn1-MPP, on IL8 production was also investigated. Zn1-RW9 and Zn1-MPP reduced the IL8 production in comparison to LPSactivated cells at a similar extent as Mn1-RW9 and Mn1-MPP. Zn1-R9 does not show an effect on IL8 overproduction. Cell-penetrating peptides are non-innocent carriers, with some of them having been identified for their anti-inflammatory properties. [58][59][60][61] Therefore a combined effect of the SOD mimics and the peptidyl moiety can be responsible for the antiinflammatory activity of Mn1-RW9 and Mn1-MPP, since their redox inactive analogs Zn1-RW9 and Zn1-MPP exhibited antiinflammatory effects as well. In contrast, the conjugation of Mn1 with the polyarginine peptide seems to enhance specifically the anti-inflammatory activity of the Mn-moiety, with the Zn analog being inactive. 

Conclusions

The parent SOD mimics Mn1 was functionalized with three peptidyl moieties in order to improve its anti-inflammatory activity in a cellular model of inflammatory diseases. Three peptides were selected, the cell penetrating peptides polyarginine R9, and RW9, and a mitochondria targeting peptide MPP. Characterization of the complexes Mn1-R9, Mn1-RW9 and Mn1-MPP demonstrated that these compounds have similar intrinsic SOD activity, and dissociation constant values as Mn1. Investigation of the accumulation and subcellular location of the complexes show that the functionalization with peptidyl chains decreased their cell penetration, with Mn1-R9 being the less concentrated in cells.

In addition, different subcellular distribution of the complexes was also observed. Finally, investigation of the antioxidant and anti-inflammatory activity of the functionalized SOD mimics in a cellular model of inflammatory diseases showed that Mn1-R9, Mn1-RW9 and Mn1-MPP have a better anti-inflammatory activity than Mn1 when assayed at a concentration of incubation of 10 µM. In particular, we demonstrated that the anti-inflammatory activity of Mn1-R9 is enhanced by the polyarginine peptide, and importantly, the redox-inactive analogue (Zn1-R9) is inactive. In contrast, for Mn1-RW9 and Mn1-MPP we observed a contribution of the peptidyl moiety to the anti-inflammatory effect independent of redox metalbased regulation This shows the importance of the redox inactive control as a Zn II analogous complex.

Overall, functionalization with the peptides led to an improved anti-inflammatory activity: indeed, it was possible to lower the incubation concentration by one order of magnitude, keeping a significant anti-inflammatory effect and allowing a better ratio activity/concentration, which is of interest for future applications in the field of inflammatory diseases.

Materials and Methods

Quantification of Mn-complexes by EPR in cell lysates

Cells were cultured in a 75 cm 2 flask to reach 90% confluency.

They were incubated with medium only, or tested compounds at the desired concentration, for 6 hours, at 37 °C. After a washing with 0.9% NaCl, a chaotropic shock was performed by washing the cells once with 1 M NaCl to remove charged species potentially externally associated to the cells. Cells were washed twice with 0.9% NaCl. They were harvested by scraping and centrifuged at 4°C for 10 min at 900 rpm. The supernatant was removed, 100 µL of MilliQ water was added and two freezing/thawing cycles in liquid nitrogen were performed. The protein content was determined for each sample. Cell lysates were acidified with HClO 4 (10% v/v final concentration), which freed manganese(II) ion from coordination. 62 A calibration curve was established using Data acquisition and processing were performed using Bruker Xepr software.

Synchrotron radiation X-ray fluorescence microscopy HT29-MD2 cells were seeded on silicon nitride windows (size: 5 mm x 5 mm, thickness: 500 nm) in 24-well plate (75 000 cells/well). After 24 h, cells were incubated with the complex (10 µM) for 6 h at 37 °C. Cells were washed with 0.9% NaCl and a chaotropic shock was performed by washing the cells once with 1 M NaCl. They were then washed once with EDTA (50 mM), and twice with 0.9% NaCl. Cells were cryofixed in liquid ethane and freeze-dried. Mappings of intracellular manganese (Mn), potassium (K), phosphate (P), iron (Fe), and zinc (Zn) were performed on the Nanoscopium beamline of SOLEIL synchrotron (L'Orme des Merisiers Saint-Aubin, France). Cells were located using a phase-contrast optical microscope. All measurements were performed at room temperature. Excitation, 9.9 keV; integration time, 8.0 s pixel -1

; pixel size, 300 nm. The procedure for image treatment is described in ESI.

Cell activation with LPS and incubation with the compounds HT29-MD2 cells were seeded in 24 well-plates at 200 000 cells/well to reach 90% confluence after 3 or 4 days. Cells were incubated with media only, or the tested compounds at the desired concentration for 1 h. Then, LPS was added (0.1 µg/mL, 6 hours). Supernatants were collected and stored at -20 °C before ELISA and LDH assay. Cells were washed with

Figure 1 -

 1 Figure 1 -Synthesis scheme of Mn1-R9, Mn1-RW9, and Mn1-MPP.

Figure 2

 2 Figure 2 the total Mn content for cells incubated with Mn1-R9, Mn1-RW9 or Mn1-MPP at 10 µM is higher than for control cells (0.36 nmol.mg -1 of proteins), but lower than in cells incubated with Mn1 at the same concentration (1.25 nmol.mg -

Figure 2 -

 2 Figure 2 -Mn content in cell lysates of intestinal epithelial cells. Cells were incubated at 37 °C for 6 hours with media only (control), Mn1 (10 μM), Mn1-R9 (10 μM), Mn1-RW9 (10 μM), or Mn1-MPP (10 μM). Total Mn content in cell lysates was determined by EPR. Data represent mean ± SEM for n = 3-4 independent experiments: (*) p < 0.05, (**) p < 0.01 vs. control; (#) p < 0.05, (##) p < 0.01 vs. Mn1. For atable with the data in µM, see table S1.

Figure 3 -

 3 Figure 3 -Elemental distribution of Mn in HT29-MD2 cells (a), and normalized distribution (b). (a) Mn detection by X-ray fluorescence on cryofixed and freeze-dried cells HT29-MD2 incubated 2 h under different conditions. (b) Normalization of the Mn distribution by the cell thickness using the homogeneously distributed K element. Thewere obtained by substraction of a scaled K map to the Mn map. The area where Mn accumulates (is not concentrated) are represented in red (in blue). Images recorded on the Nanoscopium beamline of Soleil synchrotron (excitation at 9.9 keV; integration time, 8.4 s pixel -1 ; pixel size, 300 nm).

Figure 4 -

 4 Figure 4 -MnSOD expression in intestinal epithelial cells activated with LPS. Determination by western blotting (WB, see figure S5) of MnSOD and actin expression in HT29-MD2 cells after a 7 h incubation with medium only, or the specified compound. The incubation concentrations for each condition are indicated. When specified, LPS (0.1 μg mL -1 ) was added after 1 h of incubation. Data correspond to the ratio of bands intensities for MnSOD/actin, and represent mean ± SEM for n = 2-7 independent experiments: (*) p < 0.05, (**) p < 0.01 versus LPS. Control experiments without LPS are shown in Figure S4.

Figure 5 -

 5 Figure 5 -IL8 production in intestinal epithelial cells activated with LPS. IL8 secretions in supernatants of HT29-MD2 cells were measured by ELISA after a 7 h incubation with medium only (control), LPS, or the specified compound and LPS. LPS (0.1 μg mL -1 ) was added after 1 h of incubation. Data represent mean ± SEM for n = 4-8 independent experiments: (*) p < 0.05, (**) p < 0.01 versus LPS; (#) p < 0.05, (##) p< 0.01. Control experiments without LPS are shown in Figure S7.

MnCl 2

 2 in water acidified with 10% v/v HClO 4 , and quantification of the manganese-content was performed using the two first lines in the six-line Mn 2+ X-band EPR spectrum and reported per milligram of proteins. EPR spectra were recorded on a Bruker Elexsys 500 spectrometer (Bruker, Wissembourg, France) operating at Xband (9.82 GHz), and a SHQ high-sensitivity cavity, in a glass capillary tube: microwave power, 32 mW; modulation frequency, 100 kHz; modulation amplitude, 18 G; receiver gain, 60 dB; time constant, 40.96 ms; conversion time, 40.96 ms; datapoints, 1024; field center, 3500 G; sweep width, 1000 G; sweep time, 41.94 s; nine scans; room temperature (21 °C).

Table 1 .

 1 Thermodynamic parameters for complexation of Mn 2+ to enPI2 derivatives at 25 °C in HEPES (100 mM, pH 7.4, I = 40 mM) as determined by ITC.

	Ligand				N	a	Kd 10 -7 M a	ΔHassoc a kJ.mol -1	ΔSassoc a J.mol -1 .K -1	ΔGassoc a kJ.mol -1
	enPI2	b				0.9 ± 0.2 6.5 ± 1.7 2.6 ± 0.2	124 ± 1 -34.5 ± 0.1
	[enPI2-R9]	9+ b	1.2 ± 0.1 6.3 ± 0.5 16.3 ± 0.3	174 ± 1 -35.4 ± 0.2
	[enPI2-RW9]	6+ c	0.9 ± 0.1 7.1 ± 0.4 15.1 ± 0.4	167 ± 4 -35.1 ± 0.4
	[enPI2-MPP]	2+ c	0.9 ± 0.1 6.1 ± 0.1 15.5 ± 0.4	176 ± 4 -35.6 ± 0.4

a Data represent mean ± standard deviation for 3 independent experiments. b From J. Inorg. Biochem., 2016, 160, 172-179.

22 c 

This work.

Table 2 .

 2 E1/2 values determined by cyclic voltammetry. IC 50 values were corrected for the K d because of the low assaying concentration range. The IC 50 of Mn1, Mn1-R9, Mn1-RW9, and Mn1-MPP in HEPES buffer are reported in Table3. k McCF could not be determined because k cytC is not known in this buffer. Note that a similar kinetics constant was determined by a stopped-flow method coupled with a UV detection.

	Complex		Epa V vs. SCE	Epc V vs. SCE	E1/2 V vs. SCE
	Mn1HEPES	a			0.27	0.14	0.22
	Mn1-R9HEPES	a	0.45	-0.1	n/a
	Mn1-RW9HEPES	b	n/a	n/a	n/a
	Mn1-MPPHEPES	b	0.42	-0.1	n/a
	a From J. Inorg. Biochem., 2016, 160, 172-179. E1/2, Epa, and Epc values were
	determined in HEPES buffer (100 mM, pH 7.5) with a concentration of complex of
	1 mM at a glassy carbon disk electrode at 0.5 V.s -1 . 22 b This work. E1/2, Epa, and Epc
	values were determined in HEPES buffer (100 mM, pH 7.5) with a concentration
	of complex of 1 mM at a glassy carbon disk electrode at 0.5 V.s -1 .
	been measured to be 0.81 µM and 7 x 10	6 M	-1 .s	-1 in phosphate
	buffer (50 mM, pH 7.8).	

2, 37 

The IC 50 is defined as the concentration at which the rate of reaction with the probe is reduced by 50%. From this value, the constant k McCF can be calculated, which gives a good estimation of the catalytic rate constant for the reaction of superoxide dismutation.

2, 5, 20

Using this method, the IC 50 and k McCF of Mn1 has previously

21 

In this study, HEPES (100 mM pH 7.5) was used instead of phosphate buffer to eliminate any activity related to Mn-phosphate adducts.

[38][39][40] 

Using these conditions, the

Table 3 .

 3 SOD activity. IC50 values determined by Mc-Cord Fridovich assay, and catalytic rates determined by stopped-flow technique combined with fast-diode array UV-vis. to the kinetic constant directly measured by stopped-flow (ksf); a From J. Inorg. Biochem., 2016, 160, 172-179. ksf was determined by stopped-flow in HEPES buffer (60 mM, pH 7.4). Data represent mean ± standard deviation for 3 independent experiments. 22 b This work. IC50 was determined in HEPES buffer (100 mM, pH 7.5) with ferricytochrome c (22 µM), xanthine (200 µM) and xanthine oxidase. ksf was determined by stopped-flow in MOPS buffer (60 mM, pH 7.4, ionic strength = 150 mM (NaCl)). Data represent mean ± standard deviation for 3 independent experiments.

	Complex	IC50 buffer pH µM		kstopped-flow x 10 6 M -1 .s	-1
	Mn1	IC50 HEPES 7.5 0.47 ± 0.03	b	ksf 5.0 ± 0.1	a
	Mn1-R9	IC50 HEPES 7.5 0.19 ± 0.02	b	ksf 5.0 ± 0.4	a
	Mn1-RW9	IC50 HEPES 7.5 0.32 ± 0.05	b	ksf. 17.2 ± 0.2	b
	Mn1-MPP	IC50 HEPES 7.5 0.33 ± 0.03	b	ksf. 21.7 ± 0.1

b kmethod refers
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